The effects of 3 dietary amino acid (AA) profiles during lay on reproductive performance of broiler breeders were investigated. A flock of 2,376 Ross 708 female broiler breeders were randomly divided into 3 treatments with 12 replicates of 66 females per replicate, and fed 2 breeder feed phases (breeder 1: 25 to 36 wk; breeder 2: 37 to 60 wk) which were formulated to 3 different AA densities (Aviagen advice = control; 10% increased AA in Aviagen advice = high-AA; and estimated AA needs for maintenance, growth, and egg mass = estimated-AA). No differences in total or hatching egg production due to dietary treatments were observed. Hens fed high-AA had a higher incidence of double-yolk eggs. During the second phase of lay, hens fed estimated-AA had lower livability compared to the other treatments. Hens fed estimated-AA also laid smaller eggs compared to control and high-AA fed birds. Back feather cover deteriorated as hens grew older, and hens fed the estimated-AA diets had poorer feather cover from 41 wk onward. Overall, these results suggest that feeding higher AA levels than Aviagen recommendations presented no benefit in reproductive performance or feather quality. The estimated-AA feeding approach supported laying performance similar as other treatments, although affected egg weight and back feather cover.
INTRODUCTION
Estimating amino acid (AA) requirements through dose-response experiments have long been used in poultry. However, the use of this empirical approach in broiler breeders is challenging because a multiple of variables must be taken into account, namely body size, feed consumption, egg production, and egg weight for particular genotype, age, diet, and environmental conditions. Furthermore, this method in breeders is not only lengthy and financially costly, but also less practical due to continuing breeder genetic progress. Studies to evaluate protein or AA needs based on maximization of egg production, egg weight, and BW gain (Fakhraei et al., 2010; Gomes et al., 2011; Ekmay et al., 2013) , for example, focused on particular age periods or breeder strains that might not be representative of breeder hens selected for high breast meat yield. Therefore, mechanistic or factorial models to determine AA needs for each productive parameter have been proposed (Hurwitz and Bornstein, 1973; Fisher, 1998) .
The degree of feather covering is of concern in broiler breeders because of its relation to the mainte-C 2018 Poultry Science Association Inc. Received March 12, 2018 . Accepted November 26, 2018 Corresponding author: scerrate@aviagen.com nance energy requirement, bird welfare, fertility, and hatchability (Van Emous and De Jong, 2013) . Several factors such as environmental temperature (O'Neill et al., 1971) , feeder space (Hill and Hunt, 1978) , stocking density (De Jong et al., 2011) , genotype (Uitdehaag et al. 2008) , and nutritional factors (Van Emous et al., 2015b) might affect feather quality. Additional nutrient supplementation may improve feather cover but can also lead to larger egg size and impaired hatchability. Therefore, estimating AA requirements based on needs for maintenance, growth, and egg mass as outlined by Hurwitz and Bornstein (1973) offers an alternative to estimate AA needs of modern broiler breeders.
It has been demonstrated in broiler chickens that an AA deficiency leads to abnormal feather growth (Anderson and Warnick, 1967; Robel, 1977; Farran and Thomas, 1992) . In breeder hens, the reduction of protein and AA early in production can negatively influence feather cover during early and late production (Van Emous et al., 2015b) .
Overfeeding AA might result in hens producing larger eggs, although its magnitude might be dependent on the genetic strain (Nonis and Gous, 2013) .
The objective of this study was to evaluate the effects of different dietary AA densities during lay on reproductive performance and feather cover in Ross 708 broiler breeders. Hurwitz and Bornstein (1973) . 3 Stilborn et al. (2010) . Female average values range between 0 and 112 d. Feather AA coefficients were obtained from Stilborn et al. (1997) . 4 Nonis and Gous (2008) . Calculated from 37 mg/kg BW and adjusted to 1.75 g protein/kg BW/d as 0.037/1.75/0.9 × 100. Oval = ovalbumin; main = maintenance; M = AA for maintenance; G = AA for growth; Em = AA for egg mass. M, G, and Em calculated as outlined by Hurwitz and Bornstein (1973) . dAA = digestible AA expressed as % = [(M+G+Em)/1000/feed intake (g/d) × 88.
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For breeder 1: BW = 3188 g; BW gain = 12.1 g; egg mass = 44.4 g; feed = 159 g. For breeder 2: BW = 3,673 g; BW gain = 1.9 g; egg mass = 43.7 g; feed = 152 g. BW = as average BW between week 29 and 30 for breeder I and as average BW between week 50 and 51 for breeder II. BW gain = [BW(30 wk)-BW(29 wk)]/7 for breeder 1 and [BW(51 wk)-BW(50 wk)]/7 for breeder 2.
MATERIALS AND METHODS
All procedures associated with the preparation of this experimental protocol and the executions of this study were in accordance with the Aviagen Animal Welfare Guidelines and the National Chicken Council (NCC, 2017) guidelines.
Birds, Housing, and Management
A flock of 2,376 Ross 708 female broiler breeders (25 wk of age) with similar weights (2,854 ±161 g) were randomly allotted into 3 treatments, each containing 12 replicate pens per treatment and 66 birds per pen (3.0 × 5.0 m). Seven Ross 344 broiler breeder males were placed in each pen. An additional pen was maintained with males to replace those dying between 25 and 60 wk of age. Birds were housed at a stocking density of 4.9 birds/m 2 in a 2/3 slate-floor housing system, containing an elevated floor (3.0 × 3.0 m) of wood slats, and wood shavings used as litter on the remaining area. Dietary energy allotment followed the Ross 708 breeder guidelines (2011). Hens were fed daily at 4:30 am using 6 pan feeders per pen.
All males received similar feed allotments (varying from 94 to 141 g daily as the birds aged), and were adjusted to achieve Ross male BW target objectives (Ross, 708, 2011) . Water was provided on an ad libitum basis from nipple drinkers (14 nipples/pen). Twenty laying nests (30 × 30 cm) were placed per pen and suspended in the middle of the litter area at 60 cm above the litter. Pullets were photostimulated at 22 wk of age. The breeders were kept in an open-sided house and maintained at a minimum temperature of 21
• C, and were provided 16 h of light (50 lx) and 8 h of dark each day using a combination of natural and artificial light.
Experimental Design Breeder Trial
The effects of the different AA densities during lay on reproductive performance and back feather coverage were studied using a completely randomized design. Females were fed 3 different AA densities during breeding phases: breeder 1 from 25 to 36 wk, and breeder 2 from 37 to 60 wk of age. The first treatment was based on AA recommendations by Aviagen (Ross, 2013) , and coded as control diet (control); the second treatment was a 10% surplus of compared to the control diet (high-AA); the third treatment AA levels were based on estimations for maintenance, growth rate, and egg mass (estimated-AA) as outlined by Hurwitz and Bornstein (1973) and Hurwitz and Bartov (1991) . Some of the model coefficients were modified to reflect more recent information regarding the AA profile of the chicken carcass (Stilborn et al., 2010) , feathers (Stilborn et al., 1997) , egg proteins (USDA, 2010), and maintenance (Nonis and Gous, 2008) . Feather growth was assumed to be 6% of the total growth (Stilborn et al., 1997) . Body weight, growth rate, and egg mass targets were based on Ross 708 breeder performance objectives guidelines (2011). Estimated AA needs were calculated weekly and grouped for each feeding phase with the formulation target being based on the highest estimated values for each respective period. Lys, Met, Met+Cys, Thr, Val, Ile, Arg, Trp, and Leu were included as minimum restrictions in the formulations (Table 1) .
Males were fed the control diet during all the breeding periods. The composition and nutrient levels of each diet during the laying period are listed in Table 2 .
Data Collection and Observations
Feed, energy, and protein intake Hens were fed identical feed and metabolizable energy intake for all treatments (Table 3) . Weekly feed, metabolizable energy, and AA intakes were calculated per phase of lay and were based on Ross 708 breeder performance objectives guidelines (2011). Body weight Thirty birds/pen and 4 pens per treatment were weighed at 11:30 am for 9 wk during phase 1 (25, 26, 27, 28, 29, 30, 32, 34 , and 36 wk of age) and for 10 wk during phase 2 (biweekly from 41 to 58 wk of age).
Egg production All eggs were collected and recorded daily during the experimental period. The total number of hatching (>50 g), double-yolk, small, cracked, misshapen, dirty, and floor eggs were calculated weekly per pen and per phase of lay. Peak egg production was determined as a 3-wk rolling average from 29 to 31 wk of age, and peak double-yolk was determined as a 4-wk rolling average from 28 to 31 wk of age.
Mortality Mortality was recorded daily per pen to calculate cumulative mortality during each phase of lay. Dead hens were categorized as culled, leg problems, or other causes.
Egg weight A total of 162 hatching eggs per hatcher tray (3 trays per treatment with 162 hatching egg each one) were collected and weighed during day 3 of production, every 3 wk for phase 1 (29, 32, and 35 wk of age) and 20 wk for phase 2 (37 and weekly from 40 to 58 wk of age). (Ross, 2013) ; high-AA: diets with 10% more amino acids than the control diet; estimated-AA: diets with amino acids and protein calculated from a modified CP model. Means represent average of 17 wk for phase 1 (from 25 to 36 wk of age) and average of 24 wk for phase 2 (from 37 to 60 wk of age). Every week measurements were recorded for the 12 replicate pens with 66 birds per pen at the start of trial.
2 Hatching eggs = normal eggs heavier than 50 g without considering double-yolk eggs, small eggs, cracked eggs, soft-shell eggs, shell-less eggs, misshapen eggs, and dirty eggs.
3 Small eggs = normal egg < 50 g.
Back feather scoring Back feather scoring was performed when hens were 34, 37, 41, 43, 45, 47, 49, 51, 53, 55, 57 , and 59 wk of age. Each hen per pen was scored at the back and given a value ranging from 0 to 5 using the following criteria: 0 = back fully covered; 1 = 1 inch (2.5 cm) of bare back, considering the length of denuded back from cranial to tail (caudal) direction; 2 = 2 inches (5.1 cm) of bare back; 3 = 3 inches (7.6 cm) of bare back; 4 = 4 inches (10.1 cm) of bare back; and 5 = 5 inches or more (12.7 cm) of bare back.
Statistical Analysis
Data were subjected to a completely randomized design using 1-way ANOVA using the GLM procedure of JMP 13 software (SAS Institute Inc. Cary, NC). For analysis of back feather scores, data were analyzed as completely randomized in a 3 × 12 factorial arrangement with 3 dietary treatments and 12 different time points (weeks of production). Pen was used as the experimental unit for analyses. Results are reported as means ± SEM. All statements of significance are based on a P ≤ 0.05, and values between 0.05 and 0.10 are described as a trend. When a significant F-test was detected, means were compared using LSD.
RESULTS
Peak egg production was similar among the dietary treatments: 89.7% (control), 89.5% (high-AA), and 88.9% (estimated-AA) (Δ = 0.36%; P = 0.28). Hens fed high-AA (1.89%) had higher peak doubleyolk eggs than hens fed control (1.60%) and estimated-AA (1.44%) feeds (Δ = 0.09%; P = 0.01). Egg Means within a column and within a source without a common superscript differ significantly (P ≤ 0.05).
1 Control: control diets based on Aviagen advice (Ross, 2013) ; high-AA: diets with 10% more amino acids than the control diet; estimated-AA: diets with amino acids and protein calculated from a modified CP model.
2 Means represent average of 17 wk for phase 1 (from 25 to 36 wk of age) and average of 24 wk for phase 2 (from 37 to 60 wk of age). Every week measurements were recorded for the 12 replicate pens with 66 birds per pen at the start of trial. Figure 1 . Effects of Ross 708 broiler breeders fed different amino acid levels on egg weight. Asterisks indicate significant differences (P ≤ 0.05) between treatments. Control: control diet based on Aviagen advice (Ross, 2013) ; high-AA: 10% more amino acids than the control diet; estimated-AA: amino acids and protein calculated from a modified CP model. production and hatching eggs were not affected by dietary treatments throughout the study (Table 4) . During the second phase of lay, hens fed estimated-AA laid less double-yolk, cracked, misshapen, or floor eggs than birds fed control or high-AA diets.
Cumulative mortality during the first phase of lay was very low and not affected by dietary treatments (Table 5) . During the second feeding period, mortality continued to be very low for all treatments; however, mortality was slightly increased in hens fed the estimated-AA treatment compared to the other treatments (P = 0.003). Compared to birds fed high-AA diets, hens fed estimated-AA had a slightly higher incidence of leg-related culls. (Ross, 2013) ; high-AA: 10% more amino acids than the control diet; estimated-AA: amino acids and protein calculated from a modified CP model.
Egg weight was not affected by dietary treatments. In contrast, during the second phase of lay, hens fed estimated-AA laid smaller eggs compared to those fed control and high-AA diets (Figure 1 ). Hen body weight was not affected by dietary treatments (Figure 2 ). Interaction effects were observed between dietary treatment and age with regard to back feather scores (Table 6) . While feather cover worsened as hens grew older, all treatments resulted in better feather scores than often observed under field conditions. Hens fed estimated-AA resulted in hens with slightly higher feather scores than those fed control or high-AA diets from 41 to 49 wk for score 1, from 45 to 57 wk for score 2, from 47 to 59 wk for score 3, and from 51 to 59 wk for scores 4 and 5 (Figure 3) . a,b Means within a raw without a common superscript differ significantly (P ≤ 0.05). 1 Average back feather score ranged from 0 (intact back feathers) to 5 (5 inches of bare back or completely denuded back). Each value represents the mean of 12 replicate pens with 66 hens per pen at the start of the study.
2 Control: control diets based on Aviagen advice (Ross, 2013) ; high-AA: diets with 10% more amino acids than the control diet; estimated-AA: diets with amino acids and protein calculated from a modified CP model.
DISCUSSION
Egg production and hatching eggs were not affected due to dietary treatments, despite estimated-AA fed hens fed receiving diets containing reduced dArg, (13 to 16%), dLys (18 to 23%), dIle (7 to 10%), dVal (6 to 7%), and dThr (8 to 9%) compared to hens fed control diets. Similar effects were observed by Ekmay et al. (2013) where a reduction of AA did not result in a change in eggs per hen housed. In their study, the optimal intake of mg of AA/d for eggs per hen housed was lower than values reported herein from hens fed estimated-AA diets. In contrast to the study presented herein, under moderate heat stress egg production was dropped when dLys was reduced from 845 to 660 mg/d (Fakhraei et al., 2010) , which is a value similar to that reported in the current study from 36 to 60 wk of age (658 mg/d; estimated-AA treatment).
The lower levels of cracked and misshapen eggs observed in the current study when feeding estimated-AA diets could be associated with the smaller eggs obtained from these hens during the second phase. In laying hens, a positive correlation exists between egg weight and incidence of cracked eggs (Abdallah et al., 1993) .
Smaller eggs due to reduced protein intake during the second phase (36 to 60 wk), but not the first phase of lay, were also observed by Joseph et al. (2002) and Van Emous et al. (2015a) , respectively. Van Emous et al. (2015a) found no effect on egg weight between 24 and 32 wk when protein intake was increased from 26 to 28 g/d. Conversely, Joseph et al. (2002) reported a decrease in egg weight during the second phase of lay (45 to 60 wk of age) when birds were fed lower protein intake (19.4 vs. 20.5 g/d) .
Van Emous et al. (2015a) observed a higher incidence of mortality due to leg problems in birds fed lower protein intakes during the first phase of lay. In this study, the estimated-AA treatment had slightly higher mortality than the other treatments; however, it should be pointed out that mortality for all treatments was very low.
In general all treatments exhibited better back feather cover than what is often observed under field conditions. The slightly reduced back feather cover observed in hens fed estimated-AA may be explained by lower intake of some critical AA important for feathering (e.g., Val, Ile, and Arg). Despite the Lys content in feathers being lower compared to Val, Arg, and Ile (Stilborn et al., 1997) , very low levels of dietary Lys might affect the feather cover. In laying hens, reduced Lys from 144 to 89 mg/kg BW deteriorated the plumage condition (Al Bustany and Elwinger, 1987) . Comparable results in broiler breeder hens were observed in the present research, when dLys intake (mg) per kg of BW was decreased from 136 (control) to 94 (estimated-AA). For comparative purpose, the Lys contained in egg mass was subtracted from current and Al Bustany and Elwinger (1987) 's Lys intakes, assuming 7.8 mg of Lys per g of egg mass (Fisher, 1998) , to calculate the amount of lysine required for maintenance (mg/kg BW). On the other hand, in broiler chickens, deficiencies of Val, Ile, or Arg have resulted in abnormal feather structure (Anderson and Warnick, 1967; Robel, 1977; Farran and Thomas, 1992) . Van Emous (2015b) found that reducing the protein intake negatively affected back feather cover during the first phase of lay, and suggested that 10% lower daily protein intake or 11% lower daily methionine and cysteine intake may have been the reason. In the current research, the Met+Cys intake was essentially identical during the first and second phase of lay for control and estimated-AA diets, suggesting that other AA might have affected the feather cover. The reduction of Lys (18 to 23%), Arg (13 to 16%), Ile (7 to 10%), and Val (6 to 7%) in hens fed estimated-AA diets (Ross, 2013) ; high-AA: 10% more amino acids than the control diet; estimated-AA: amino acids and protein calculated from a modified CP model. compared to hens fed control diets suggests that Lys, Arg, Ile, and Val might be potential candidates affecting back feather quality. Moreover, the reduction of Ile and Val might deteriorate the feather quality as observed in broiler chickens (Penz et al., 1984) . It is interesting to note that estimated-AA fed birds reduced egg weight and feather quality without affecting egg production and BW. In broiler breeder hens, hens fed marginal dietary Lys and Val intake decreased the egg weight with only a minor reduction in egg production (Al-Saffar, 2010; Ekmay et al., 2013; Lima, 2016) , whereas reducing dietary Met+Cys intake decreased both egg weight and egg production (Bowmaker and Gous, 1991; Gomes et al., 2011) .
In conclusion, AA density within the ranges tested herein can impact egg weight, egg defects, and back feather cover.
